Purpose To evaluate the efficacy of human bone marrowderived mesenchymal stem cells (hBMSCs) as gene delivery vehicles to simultaneously express human hepatocyte growth factor (HGF) and interleukin 1 receptor antagonist (IL-1Ra) to improve the outcome of islet transplantation. Methods Morphology and islet-binding affinity of hBMSCs were checked by microscope. The expression of target genes and endogenous genes was determined by ELISA. Protection of islets by hBMSCs was evaluated in vitro by Calcein-AM/Propidium Iodide staining and in vivo by allogeneic islet transplantation study. Function and revascularization of islets was evaluated by immune fluorescence study. Results Non-donor-specific hBMSCs showed strong binding affinity to human islets and protected viability and function. Transduction of hBMSCs with adenovirus encoding human HGF and human IL-1Ra (Adv-hHGF-hIL-1Ra) prior to coculturing with islets further protected from apoptotic cell death, helped maintain 3D structures and morphology, and enhanced insulin secretion. Transplantation of human islets reconstituted with Adv-hHGF-hIL-1Ra transduced hBMSCs under the kidney capsule of streptozotocin-induced diabetic non-obese diabetic/severe combined immunodeficient (NOD-SCID) mice reversed diabetes by reducing blood glucose levels to ≤200 mg/dL for up to 15 weeks and reduced the number of islets required to achieving normoglycemia. Blood glucose levels of mice transplanted with islets alone reversed to ≥500 mg/dL 4 weeks posttransplantation. Conclusions Results indentified hBMSCs as effective gene delivery vehicles to improve the outcome of islet transplantation.
ABBREVIATIONS

INTRODUCTION
Islet transplantation has the potential to treat type I diabetes mellitus if we could prevent the primary nonfunctioning of islet grafts. Among several factors contributing to the loss of islet viability, the two most important are the acute attacks from inflammatory cytokines at the transplantation site and the long-term graft rejection from the recipient's immune system (1) . Human bone marrow-derived mesenchymal stem cells (hBMSCs) are adult progenitor cells with differentiation potential and self-renewal capacity. Their proliferation capacity reduces following the differentiation induction phase and ceases to proliferate after transplantation. hBMSCs have great promise in repairing injured tissues, including pancreatic islets (2) . hBMSCs also hold hypoimmunogenic property (3), since they are in lack of major histocompatibility complex II (MHC-II) and co-stimulatory molecules, such as CD14, CD86, CD40L and CD95L. MSCs suppress inflammation, either by receptor-mediated signal-transduction, probably through MMP2/MMP9-CD25 signal pathway (4) , or the secretion of immunosuppressive factors such as transforming growth factor β1 (TGF-β1), interleukin 10 (IL-10) and prostaglandin E2 (PGE2). Therefore, MSCs are unlikely to cause inflammation at the transplant site. These characteristics make MSCs attractive vehicles for virus-based gene therapy.
However, MSCs alone, through systemic administration or local transplantation, cannot prevent apoptotic cell death from the sudden boost of inflammatory cytokines at the transplantation site, which accounts for more than 70% of islet loss in the first week after transplantation (5, 6) . This phenomenon probably explains the inadequate control of the blood glucose level in the early stage (<3 weeks) after transplantation in most islet/ MSC co-transplantation studies (7, 8) .
Replication-deficient adenoviral vectors (Adv) can be used for silencing malevolent genes and expressing benevolent genes to prevent acute graft failure immediately after islet transplantation (9) . Adv transduction of islets prior to transplantation has been proven to protect islets from inflammatory cytokines and promote revascularization of islet grafts (10) . However, the transient gene expression or gene silencing may not prevent long-term islet graft rejection. Most genes delivered by Adv vectors remained active less than two weeks. Moreover, some reports suggested that Adv transduction led to immune reaction to the Advbearing organs and made these organs more susceptible to attack from the recipient's immune system (11, 12) .
In this study, we evaluated the capability of primary hBMSCs as gene delivery vehicles to protect the graft viability of human islets in a streptozotocin-induced diabetic non-obese diabetic/severe combined immunodeficient (NOD-SCID) mice model (Fig. 1) . Adv-hHGF-hIL1Ra-transduced hBMSCs served as gene delivery vehicles to express hepatocyte growth factor (HGF) to promote islet revascularization, and interleukin 1 receptor antagonist (IL1Ra) to reduce acute islet loss from inflammatory cytokines. We also determined the capability of hBMSCs as nursing cells to prevent long-term islet graft rejection.
MATERIALS AND METHODS
Materials
The replication-deficient (ΔE1/ΔE3) Adv-hHGF-hIL-1Ra containing a cytomegalovirus (CMV) promoter, hHGF cDNA, and rabbit β-globin poly A in the E-1 region, and a CMV promoter, hIL-1Ra cDNA, and rabbit β-globin poly A in the E-3 region was constructed and amplified, and the titer measured in our lab as previously described (13) . The control virus encoding green fluorescent protein (Adv-GFP) was constructed and kept in our lab. Primary hBMSCs, HyClone Advanced Stem Cell Medium and Medium Supplement were purchased from Thermo Fisher Scientific (Waltham, MA), passaged, and frozen in our lab. Human islets were received from Integrated Islet Distribution Program (Duarte, CA). CMRL-1066 medium for islet culture and 6-diamidino-2-phenylindole (DAPI) were purchased from Sigma Aldrich (St. Louis, MO). Fetal bovine serum (FBS) was purchased from MediaTech Cellgro (Herndon, VA). Phosphate-buffered solution (PBS) was purchased from GIBCO-BRL (Gaithersburg, MD). Human HGF ELISA kits, IL-1Ra ELISA kits, IL-10 ELISA kits, vascular endothelial growth factor (VEGF) ELISA kits, stem cell factor (SCF) ELISA kits and recombinant IL-1β were purchased from R&D Systems (Minneapolis, MN). Human insulin and c-peptide ELISA kits were purchased from Alpco Diagnostics (Windham, NH). The primary antibodies for hHGF, hIL-1Ra, insulin, von-willebrand factor (vWF), and the Dylight 488-conjugated secondary antibody were purchased from Abcam (Cambridge, MA). The Alexa Fluor 568-conjugated secondary antibody and 0.25% trypsin were purchased from Invitrogen (Carlsbad, CA). Eight-well LabTek Chamber Slides were purchased from Nalge Nunc. (Rochester, NY). Ultrasensitive One Touch glucose test strips and One Touch Ultra glucometer were purchased from LifeScan (Milpitas, CA). Tissue-Tek O.C.T. compounds were purchased from Sakura Finetek (Torrance, CA).
Adv Transduction of hBMSCs
Primary hBMSCs were seeded at a density of 5×10 5 cells per well with 2 ml HyClone Advanced Stem Cell Medium in a six-well plate and allowed 24 h for adherence. Prior to transduction, morphology of hBMSCs was checked under a bright field microscope. To determine the optimal multiplicity of infection (MOI) for Adv transduction, primary hBMSCs were transduced with Adv-GFP at 60 MOI and 120 MOI for 3 h followed by washing three times. The GFP expression was determined under a fluorescent microscope at 2 days after transduction. Primary hBMSCs were then transduced with Adv-hHGF-hIL-1Ra at 120 MOI for 3 h followed by washing three times. The expressions of HGF, IL-1Ra, IL-10, VEGF, and SCF were measured by ELISA at 0, 2, 4, 6, 8, 10, 12, 14 days after transduction according to the manufacturer's instructions. The protein concentration was normalized using the number of cells in each well.
Islet Viability Study
After transduction with Adv-hHGF-hIL-1Ra at 120 MOI for 3 h, 5×10
5 primary hBMSCs were digested with 0.25% trypsin and co-culture with 500 IEs in a 10 cm dish of CMRL-1066 medium with 10% FBS for 2 days. Then, the islet/hBMSC co-culture was stimulated with 5 μg/ml IL-1β for 4 days and stained with 5 μg/ml calcein-AM and 2 μg/ ml propidium iodide for 30 min. Cell viability was monitored under a fluorescent microscope.
Viability of human islets was also determined by staining with dithizone, a zinc chelating agent. Briefly, at 4 weeks after cultured alone or co-cultured with Adv-hHGF-hIL1Ra-transduced primary hBMSCs, human islets were stained with dithizone as described previously (14) .
The insulin production of human islets was quantified by the static insulin release method. Briefly, 500 IEs were cultured alone or with 5×10 5 untransduced primary hBMSCs or with 5×10 5 Adv-hHGF-IL-1Ra-transduced primary hBMSCs (120 MOI) in a 10-cm dish of CMRL-1066 medium with 10% FBS for 10 days. At day 10, 5 μg/ml IL-1β was added to the medium, and the islet/hBMSC co-culture was incubated with IL-1β for 4 days. Insulin release from islets was measured at day 0, 10 and 14 by sequentially stimulated islets with the media containing 2.5 mM (basal) and 22 mM glucose (stimulated) at 37°C for 1 h.
Islet Transplantation
Animal experiments were performed following NIH (http://grants1.nih.gov/grants/olaw/references/phspol. htm) and institutional animal care and use guidelines using an approved protocol. To induce diabetes, streptozotocin (STZ) (70 mg/kg) was administered to NOD-SCID mice by intraperitoneal injection for two consecutive days. Animals were considered to be diabetic after two consecutive measurements of blood glucose ≥ 400 mg/dl using a glucometer. Primary hBMSCs were transduced with AdvhHGF-hIL-1Ra at 120 MOI and labeled with Qdot 565 prior to transplantation according to the manufacturer's instructions. Then islets were transplanted into the kidney capsule of diabetic NOD-SCID mice alone or with AdvhHGF-hIL-1Ra-transduced primary hBMSCs at constant ratio (islet: hBMSC=1:100). The non-fasted glucose levels and body weights of all the mice were measured from the Fig. 1 A schematic demonstration of Adv-hHGF-hIL-1Ra-transduced hBMSCs co-transplantation with human islets. (a) hBMSCs were transduced with Adv-hHGFhIL-1Ra prior to islet transplantation. (b) After co-transplantation with human islets under the kidney capsule of diabetic NOD-SCID mice, hBMSCs expressed HGF and IL-1Ra into the surrounding microenvironment to support islet viability and function.
snipped tail of each animal up to 15 weeks after transplantation. Then the mice were anesthetized to collect blood to measure serum insulin and c-peptide levels by ELISA. The graft-bearing kidneys were then removed from some animals to confirm the function of islet grafts by the return of blood glucose levels to ≥400 mg/dL for two consecutive days.
Intraperitoneal Glucose Tolerance Test
Two weeks after islet transplantation, glucose tolerance was analyzed in overnight fasted mice as described by GarciaOcana et al. (10) . Briefly, the mice were subjected to intraperitoneal injection of glucose at 2 g/kg of body weight. Blood samples were obtained from the snipped tail at 15, 30, 60, 90, 120, and 180 min after injection and analyzed for glucose levels using a glucometer.
Immunofluorescence Staining
For Adv-hHGF-hIL-1Ra-transduced hBMSCs, primary hBMSCs were seeded at the density of 5×10 4 each well into an eight-well chamber slide. After 24 h, these cells were transduced with Adv-hHGF-hIL-1Ra at 120 MOI for 3 h followed by washing three times and culturing an additional 48 h. The slides were then detached from the media chamber and fixed with ice-cold methanol. To detect HGF expression, the slides were stained with rabbit anti-HGF primary antibody (1:200) at 4°C overnight and Alexa Fluor 568-conjugated goat anti-rabbit secondary antibody (1:500) at room temperature for 1 h. To detect IL-1Ra expression, slides were stained with rabbit anti-IL-1Ra primary antibody (1:200) at 4°C overnight and Dylight 488-conjugated goat anti-rabbit secondary antibody (1:500) at room temperature for 1 h. Slides were counter-stained with DAPI.
For the kidney section, 1000 IEs were mixed with AdvhHGF-hIL-1Ra-transduced hBMSCs and co-transplanted under the kidney capsule of STZ-induced diabetic NOD-SCID mice. Mice receiving islets alone and islets cotransplanted with primary hBMSCs were sacrificed 4 weeks after islet transplantation. Mice receiving islets cotransplanted with Adv-hHGF-hIL-1Ra transduced hBMSCs were sacrificed at 4 weeks and 15 weeks after islet transplantation. The kidneys bearing islets were isolated, washed with PBS, fixed in 4% paraformaldehyde overnight, and embedded in optimal cutting temperature compound. Frozen sections of 5 μm thickness were cut. To detect insulin-positive human islets, the slides were stained with guinea pig anti-insulin primary antibody (1:200) at 4°C overnight and Alexa Fluor 568 conjugated goat antiguinea-pig secondary antibody (1:500) at room temperature for 1 h. To detect revascularization, the slides were stained with rabbit anti-vWF primary antibody (1:500) at 4°C overnight and Dylight 488-conjugated goat anti-rabbit secondary antibody (1:500) at room temperature for 1 h. Slides were counter-stained with DAPI. Three independent images were analyzed using the Measure RGB function of ImageJ to quantify the relative intensity of protein expression.
Statistical Analysis
Statistical significance of the difference between the two groups was determined by unpaired t-test and between several groups by one-way ANOVA.
RESULTS
Characterization of Adv-hHGF-hIL-Ra-Transduced hBMSCs
Primary hBMSCs exhibit a spindle-shaped fibroblastic morphology after ex vivo expansion (Fig. 2a) . The optimal MOI was determined by transduction of hBMSCs with Adv-GFP at 60 MOI and 120 MOI. Results showed that the Adv transduction efficiency into primary hBMSCs is >30% at 60 MOI and >80% at 120 MOI (Figs. 2b, c) . Then 120 MOI was selected for optimal transduction of Adv-hHGF-hIL-1Ra. Results showed that primary hBMSCs transduced with Adv-hHGF-hIL-Ra at 120 MOI produced significantly elevated levels of hHGF and hIL-1Ra since two days after transduction. The expressions of HGF and IL-1Ra by Adv-hHGF-hIL-1Ra transduced primary hBMSCs decreased with time but were still significantly higher than the expressions by untransduced hBMSCs at 14 days after transduction (Figs. 2d, e) . The exogenous expressions of HGF and IL-1Ra by Adv-hHGFhIL-1Ra transduced primary hBMSCs were validated by immunofluorescence staining (Fig. S1 ). Results also showed that primary hBMSCs produced IL-10 in picogram level and VEGF in nanogram level, and the native expressions of IL-10 and VEGF were not changed by Adv transduction (Fig. S2) . As in previous reports (15,16), we did not detect expression of SCF from primary hBMSCs (data not shown). In summary, these results indicated that primary hBMSCs simultaneously express the target exogenous gene after transduction by Adv-hHGF-hIL-1Ra without losing their native characteristics.
Protection of Human Islets by Adv-hHGF-hIL-RaTransduced hBMSCs
Primary hBMSCs participated extensively in organ repair (17) . HGF and IL-1Ra were widely reported to hold anti-apoptotic ability (18, 19) . We tested the protection of human islets against inflammatory cytokine from Adv-hHGF-hIL1Ra transduced primary hBMSCs in an ex vivo co-culturing study. Results showed that after stimulating with 5 ng/ml recombinant human IL-1β for 4 days, the cluster-like structures of islets were destroyed and viability of islets decreased (Fig. 3a) . However, the viability and morphological integrity were better preserved in the islets co-cultured with Adv-hHGF-hIL-1Ra-transduced primary hBMSCs (Fig. 3b) . The protection on cultured human islets from Adv-hHGF-hIL-1Ra-transduced primary hBMSCs even lasted to 4 weeks (Fig. S3) . To determine whether this protection effect was a result of the Adv-hHGF-hIL-1Ra transduction on hBMSCs or the organ repairing function of primary hBMSCs, the insulin release profiles over time from islets cultured alone, islets cultured with untransduced primary hBMSCs and islets cultured with Adv-hHGF-hIL1Ra-transduced primary hBMSCs were monitored (Fig. 3c) . Results showed that the insulin releases from islets cultured with primary hBMSCs were significantly higher than the islets cultured alone at day 10 of culture, indicating that hBMSCs did help to protect islets viability. However, untransduced hBMSCs did not provide sufficient protection against the apoptotic islet death caused by IL-1β. Results showed that insulin releases from islets cultured with untransduced primary hBMSCs decreased dramatically (75.1±9.7%) in 4 days after stimulating with 5 ng/ml recombinant human IL-1β. However, insulin releases from islets cultured with Adv-hHGF-hIL-1Ra-transduced hBMSCs decreased only slightly (23.4±5.6%).
In summary, these results demonstrated that primary hBMSCs supported islet viability and function, but primary hBMSCs alone failed provide islets with sufficient protection against inflammatory cytokines in the physiology condition. Adv-hHGF-hIL-1Ra-transduced primary hBMSCs effectively prevented the apoptotic islet death caused by inflammatory cytokines.
Co-Transplantation of Islets with Adv-hHGF-hIL-1Ra-Transduced hBMSCs Improved Outcome of Islet Transplantation
Transplantation of islets under the kidney capsule of diabetic NOD-SCID mice reversed diabetes in every subject. The mice transplanted with 1000 Islet Equivalents (IEs) all reverted to diabetes after only 4 weeks (Fig. 4a) . However, the diabetic mice receiving 1000 IEs and AdvhHGF-hIL-Ra-transduced hBMSCs maintained the blood glucose level ≤250 mg/dL for 15 weeks, suggesting prolonged protection of islets by Adv-hHGF-hIL-Ra-transduced primary hBMSCs (Fig. 4b) . Results also showed that increasing islet mass from 1000 IEs to 2000 IEs effectively improved the outcome of islet transplantation (Fig. 4c, d ), although rapid increase in blood glucose level was still observed when no additional hBMSCs were cotransplanted (Fig. 4c) . We considered mice with blood glucose ≤250 mg/dL as the reversed-diabetes mice to determine the cumulative outcome of islet transplantation. Co-transplantation of islets with Adv-hHGF-hIL-1Ra-transduced hBMSCs significantly increased the reverseddiabetes ratio, suggesting the positive role of Adv-hHGFhIL-Ra-transduced primary hBMSCs after islet transplantation (Fig. 4e) . To determine the islet function at 15 weeks after islet transplantation, the mice were anesthetized to collect blood to measure serum insulin and c-peptide level by ELISA. Results showed that the levels of insulin and cpeptide of the mice transplanted with 1000 IEs cotransplanted with Adv-hHGF-hIL-1Ra-transduced primary hBMSCs were significantly higher than those of the mice transplanted with islets alone (Fig. 4f, g ). The body weight was also measured to validate the blood glucose measurement. The increases in body weight were significantly slower in mice receiving islets alone, since their blood glucose reverted to diabetes sooner after transplantation (Fig. S4) . However, this phenomenon was not observed in mice receiving islets and Adv-hHGF-hIL-1Ra-transduced primary hBMSCs.
Intraperitoneal glucose tolerance test was used to determine islet engraftment and function 2 weeks after transplantation. Results showed faster and better response to the glucose boost in mice receiving 1000 IEs co-transplanted with Adv-hHGF-hIL-1Ra-transduced primary hBMSCs compared with mice receiving islets alone (Fig. 5) . These results demonstrated the improvement in islet engraftment and function after cotransplantation of islets with Adv-hHGF-hIL-1Ra-transduced primary hBMSCs and agreed with recently published results (4).
Adv-hHGF-hIL-Ra-Transduced hBMSCs Promoted Islet Engraftment and Revascularization
Immunofluorescence staining showed the engraftments of insulin-positive islets and Qdot-565-labeled hBMSCs in the proximity of engrafted islets under the kidney capsule (Fig. 6) . These results suggested the supporting role of primary hBMSCs to islet grafts after co-transplantation. The staining of vWF was undetectable in the kidney sections bearing islets alone (Fig. 7a) and sparse in the kidney sections bearing islets and untransduced primary hBMSCs (Fig. 7b) . However, evident vWF staining in the kidney sections bearing islets co-transplanted with AdvhHGF-hIL-1Ra-transduced primary hBMSCs was detected at both 4 weeks and 15 weeks after islet transplantation (Fig. 7c, 7d) . Analysis of the relative vWF intensity from three independent regions using ImageJ suggested increased revascularization by Adv-hHGF-hIL-1Ra-transduced primary hBMSCs (Fig. 7e) . Fig. 3 Adv-hHGF-hIL-1Ra-transduced hBMSCs helped to preserve islet viability against IL-1β stimulation. (a) Viability of naked islets after IL-1β stimulation for 4 days, as determined by calcein-AM/PI double staining. (b) Viability of islets co-cultured with AdvhHGF-hIL-1Ra-transduced hBMSCs after IL-1β stimulation for 4 days, as determined by calcein-AM/PI double staining. (c) Glucose-stimulated insulin release from islets alone, islets co-cultured with primary hBMSCs and islets IEs co-cultured with Adv-hHGFhIL-1Ra-transduced hBMSCs at day 0, day 10, and day 14 after co-culturing, as determined by ELISA. 5 μg/ml IL-1β was added at day 10 (arrow) and incubated with islets for 4 days. Data are presented as the mean±SD, n= 3. *P<0.05 under one-way ANOVA test. 
DISCUSSION
Islet transplantation has been demonstrated in a limited number of patients to treat type I diabetes. Despite the tremendous progress in the isolation, transportation, and preservation of islets, the clinical application of this treatment is still limited by the huge loss of islet mass after transplantation (5, 6) . Therefore, islets from more than two donors are required to achieve an optimal outcome (20) . Post-transplantation challenges causing islet loss include 1) long-term hyperglycemia challenge, 2) acute inflammation at the transplantation site, 3) hypoxic environment and failure to revascularize, and 4) innate immune rejection from the recipient (1) .
The purpose of this study was to combine mesenchymal stem cell-based cell therapy with adenovirus-based gene therapy to improve the outcome of islet transplantation. We have been working on Adv-based gene therapy for years. Replication-deficient Adv vectors are extensively reported to be effective in blocking the inflammatory cytokine pathway and increasing the islet resistance to posttransplantation challenges (21) . HGF is known to induce angiogenesis, promote β-cell proliferation and protect islets from apoptosis and eventually helps to improve the transplantation outcome in streptozotocin-induced diabetic mice (10, 22) . IL-1Ra binds to the cell surface interleukin-1 receptor and prevents IL-1 from sending a signal to that cell. Ex vivo transduction of human islets with Adv-hIL-1Ra has been reported to prevent IL-1β cell-induced apoptotic cell death in islets (23) . We previously reported the improved islet transplantation using Adv-hHGF-hIL-1Ra-transduced human islets (13) . However, most Adv vectors failed to support the long-term survival of islet grafts, probably due to the short expression profile of Adv. For example, the expression of HGF and IL-1Ra drastically decreased at 14 days after Adv transduction (Fig. 1d, e) . Lentivrus could be an alternative solution for long-term gene therapy. But since lentivirus integrates into the host genome and has the potential for generation of replication competent lentivirus and oncogenesis (24) , great caution should be used before starting in this area. Another problem with Adv based gene therapy is the viral genome, more or less, co-expressed with target genes may trigger an increasing immune response to the transplanted organs. Some reports suggested that Adv transduction led to immune reaction to the Adv-bearing organs and made them more susceptible to attack from the recipient's immune system with potentially dangerous consequences (11, 12) . Therefore, how to find the perfect vehicles to provide prolonged protection to islet grafts with less immunogenicity is a critical question to be answered by traditional gene therapy.
hBMSCs seem to be one of these perfect vehicles for gene delivery. hBMSCs are pluripotent adult stem cells with the property of self-renewal and the potential to differentiate into many types of cells (25) . They are open to genetic manipulation and capable of secreting endogenous growth factors to promote engraftment of human islets (26, 27) . They are also hypoimmunogenic, probably by releasing anti-inflammatory cytokines and inhibiting T-cell proliferation and activation (28, 29) . All these characteristics make hBMSCs good nursing cells to advance current clinical studies of islet transplantation by combining gene therapy with cell therapy.
However, probably because of the lack of standard operating protocols for isolating, preserving, and culturing hBMSCs, the supporting role of hBMSCs is still under discussion. The secretion of growth factors such as HGF, VEGF, and stem cell factor by hBMSCs is controversial. We did not detect SCF expression by primary hBMSCs, and the basal expression of HGF and VEGF from primary hBMSCs was too low to support an optimal revascularization for islet graft survival (Figs. 2d, 7b , and S2b), as noted in previous reports (30) . We demonstrated that exogenous expression of HGF by Adv-hHGF-hIL-1Ra-transduced primary hBMSCs Fig. 7 Adv-hHGF-hIL-1Ra-transduced hBMSCs promoted revascularization of the transplanted islets. (a-d) Representative staining of vWF factor (green) in the kidney bearing islets alone at 4 weeks after transplantation (a), the kidney bearing islets co-transplanted with untransduced primary hBMSCs at 4 weeks after transplantation (b), the kidney bearing islets co-transplanted with AdvhHGF-hIL-1Ra-transduced primary hBMSCs at 4 weeks after transplantation (c) and the kidney bearing islets co-transplanted with Adv-hHGF-hIL-1Ra-transduced primary hBMSCs at 15 weeks after transplantation (d). (e) vWF fluorescent intensity was quantified using ImageJ from three independent regions. Data are presented as the mean ± SD, n=3, *P< 0.05 under t test.
could be maintained for at least 2 weeks and may eventually lead to the notable increasing revascularization of islet grafts after transplantation (Figs. 2d, and 7a) .
Despite many reports on hypoimmunogenic nature of hBMSCs, its mechanism is unclear. There are two hypotheses: 1) through the secretion of immunosuppressive cytokines, such as IL-10 and TGFβ (31) and 2) through cell surface molecules of hBMSCs to inhibit T-cell activity and proliferation (32) . Previous reports showed that the cotransplantation of islets with primary hBMSCs prevented the allogeneic rejection and helped engraftment of islets, but one common feature in all these studies was that the hBMSCs were incompetent to reverse the blood glucose levels of recipients in the acute stage (<3 weeks) after transplantation, suggesting the slow engraftment of transplanted islets (7, 8, 33) . To make the situation even worse, the hyperglycemia caused by slow engraftment in turn accelerated the apoptotic islet cell death (5) . We hypothesized that this phenomenon was probably due to the incapability of primary hBMSCs to protect islets against the inflammatorycytokine-induced apoptotic cell death. Consistent with previous report (34) , we demonstrated that the native secretion of IL-10 by hBMSCs was insufficient to support islet survival against the inflammatory cytokine (Figs. 3, and S2a). We also demonstrated that Adv-hHGF-hIL-1Ra-transduced primary hBMSCs have clear advantages in preventing inflammatory-cytokine-induced islet death compared with untransduced primary hBMSCs (Fig. 3c) .
hBMSCs are hypoimmunogenic cells in lack of the major histocompatibility complex class II (MHC II) (35) , making them capable of escaping the recognition by Natural Killer cells and allreactive T-cells. This is an important feature for the gene therapy to improve islet transplantation because 1) adding primary hBMSCs into islets will not significantly raise allogeneic rejection, and 2) hBMSCs could serve as gene delivery vehicles to avoid the notable immunogenicity of Adv vectors. Primary hBMSCs were also capable of repairing injured tissues in long term (36) . We demonstrated that when islets were cotransplanted with Adv-hHGF-hIL-Ra-transduced primary hBMSCs, the blood glucose levels of diabetic NOD-SCID mice were maintained ≤250 mg/dL for more than 15 weeks (Fig. 4) , significantly longer than most reported islet transplantations using genetic modified islets (21, 37, 38) . These results indicated the advantage of primary hBMSCs as gene delivery vehicles to improve the outcome of islet transplantation. Although an immunocompetent animal model should be used to further validate the benefit of hypoimmunogenic primary hBMSCs as gene delivery vehicles, our work provided useful information for further research.
The differentiation capability of hBMSCs is another interesting feature worth mentioning. The capacity of hBMSCs to differentiate into a variety of cells, including osteoblasts, adipocytes and chondrocytes and so on, is one of the most important mechanisms underlying its capability of tissue repair (36) . Moreover, viral transduced hBMSCs still retained their differentiation capacity (39, 40) . This tissue repairing capacity of primary hBMSCs, as supported by a majority of reports, may eventually lead to the long-term protection on human islets and was further supported by the locations of hBMSCs which were in close proximity to the islet grafts (Figs. 4, and 6 ). Other reports showed that hBMSCs have the potential to differentiate into vascular endothelial cells (41) . This is also possible because revascularization was observed mostly around islet grafts where most hBMSCs settled (Fig. 7) . However, whether the neoforming blood vessels in the kidney-bearing islet grafts are from hBMSCs alone or other cell types remains to be clarified.
In agreement with other reports on islets/hBMSCs cotransplantation (42, 43) , our results indicated that the cotransplantation of islets with Adv-hHGF-hIL-1Ra-transduced primary hBMSCs into diabetic NOD-SCID mice promoted local revascularization, improved islet viability and reversed diabetes in long term. We are the first group to report the combination strategy of Adv-based gene therapy and hBMSC-based cell therapy to improve the outcome of islet transplantation. Our data indicated that hBMSCs were efficient gene delivery vehicles to improve the outcome of islet transplantation, as they did to treat other diseases (44, 45) . Adv-hHGF-hIL-1Ra-transduced primary hBMSCs secreted elevated levels of HGF and IL1Ra and retained their protective capability for the longterm survival of islet grafts. Since current gene therapy approaches still focus on the expression of endogenous growth factors in human islets, our report provides a novel direction for future exploration of other factors and cells for co-transplantation. Our studies in rodents also provide useful information on the future studies on the immunocompetent animal model. However, several issues still need clarification before this approach can be clinically applicable, including the immunogenicity and in vivo fate of Advtransduced hBMSCs, mechanisms underlying the long-term protection of hBMSCs, and the optimal ratio between islet and hBMSC numbers.
In our previous and present studies (13, 46) , most transplanted human islets survived only up to 4~6 weeks in diabetic NOD-SCID mice without any treatment. We can also find out similar length of islet survival in other reports (47, 48) . We are aware of several reports of islet survival beyond 60 days post-transplantation. This discrepancy is due to the fact that islet survival and function posttransplantation depends on multiple factors, including donor condition, islet purity, immunocytes, hyperglycemia, hypoxia and inflammation after transplantation. The degree of diabetes and variability in mice used for transplantation also greatly affect the length of islet survival and function. The other reason may be the pretransplantation treatment after islet isolation. When handpicked islets were used for transplantation, the length of islet survival was significantly improved, possibly due to discarding of lymph nodes in the hand-picking process, as the existence of lymph nodes is detrimental to the survival of islets after transplantation. However, we are not personally in charge of the isolation process, and we do not prefer to use hand-picked islets for transplantation.
In summary, co-transplantation of islets and hBMSCs promoted revascularization, protected islet viability, and significantly reduced the islet mass required for reverse diabetes. The production of HGF and IL-1Ra by AdvhHGF-hIL-1Ra-transduced primary hBMSCs and the protective capability of hBMSCs synergistically helped to improve the islet survival in the early stage and graft function in the long run after transplantation.
